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Protein folding via binding and vice versa
Chung-Jung Tsai1, Dong Xu2 and Ruth Nussinov2,3
The terms intermolecular and intramolecular
recognition are often used when referring to binding
and folding, highlighting the common ground between
the two processes. Most studies, however, are aimed at
either one process or the other. Here, we show how
knowledge from binding can aid in understanding
folding and vice versa.
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The problems of protein–protein binding and protein
folding have been a focus of interest for many years. In
general, such investigations have been directed at under-
standing aspects of either the binding or the folding and
there has been a distinction between the two: studies of
protein folding involve single polypeptide chains, whereas
studies of binding involve at least two chains. Despite this
traditionally sharp division between the two, it has long
been recognized that the types of interactions responsible
for these processes are similar, although their relative con-
tributions to stability differ. Hence, folding and binding
have been viewed as similar processes, representing intra-
molecular and intermolecular recognition [1–5].
The basic difference between binding and folding is the
absence, or presence, of chain connectivity. It is well
known, however, that cleaving the polypeptide chain to
create two molecules usually results in a dimer association
having a structure similar to that of the monomer [6] and
using a linker to join two separate subunits generally
results in a similarly folded monomer [7]. With an extra
connection in the intact chain the folding process is favor-
able, both kinetically and energetically, if the native struc-
ture is unaltered. This advantage is a result of the favorable
entropy consideration. In terms of stability, chain cleavage
has two opposing factors. The unfavorable factor is the loss
of entropy, resulting from the splitting of the polypeptide
chain [8]. The removal of the linkage constraint may,
however, potentially lead to a more favorable binding ori-
entation of the two separate structural parts. Chain cleav-
age will be favorable if the interactions at the newly formed
two-chain interface compensate for the loss of entropy.
Here, we focus on binding and on folding. We rationalize
that by understanding the similarities and the differences
between these two processes, especially with respect to
chain connectivity, we shall gain an insight into both
binding and folding. In these comparisons between protein
folding and protein–protein association we focus on the
architectures, the statistics of the interactions, the thermo-
dynamics, and the energetics. We present results obtained
for the interfaces between the two separate chains and for
protein cores involving a single chain.
Looking at folding, in which the chain connectivity is
present, via the binding, in which the chain connectivity is
absent, provides a new perspective firmly rooted in experi-
mental results (i.e. the existence of the structures and their
prevailing interactions for the chains). The converse holds
for seeking to understand the binding via the folding.
Thus, our approach differs entirely from structural analysis
and prediction focusing strictly on the single chains for
folding. Using the information embedded in binding and
applying it to folding, and vice versa (employing the data
assembled on folding and applying it to binding), enable a
novel insight and a wealth of information. Currently, only
the first steps have been taken in this direction. We
believe that as such studies progress our understanding of
both processes will deepen appreciably.
In order to carry out such an investigation, it is preferable to
use an unbiased structural comparison technique in which
the chain connectivity would not be taken into account in
the matching process. The results would, however, be ana-
lyzed and interpreted bearing in mind the presence or
absence of the chain(s) contiguity. The unique capabilities
of the computer-vision-based amino acid sequence-order-
independent structural comparison technique, which we
have developed and implemented [9–12], has allowed this
study and has already provided some insight.
Folding and binding: a general scheme
Protein folding and binding are hierarchical processes
[13–28]. In protein folding, the first step may involve the
formation of preferred, meta-stable ‘building blocks’, or
microdomains in the diffusion–collision folding model [29].
As more hydrophobic surfaces are buried, they collapse into
a hydrophobic core, settling down into a stable, compact
conformation via the contribution of short range (van der
Waals) interactions [30]. In the next step, the indepen-
dently folding, compact and stable hydrophobic folding
units interact to form domains, which in turn interact
further to form multi-domain structures [31]. A summary of
these folding and binding hierarchical processes is depicted
in Figure 1. The first transition between the meta-stable
building blocks and the hydrophobic folding units is
described by a two-state transition. The second and third
transitions, involving associations of already stable units
into higher order structures, represent a three-state trans-
ition. Analogous two-state and three-state transitions des-
cribe protein–protein binding [32]. Figure 2 details the
concepts and illustrates the difference between two-state
and three-state transitions.
Folding
At different stages, different forces dominate the interac-
tions [33,34]. In protein folding, the protein is driven by
interactions with its environment and is further stabi-
lized by its own intramolecular interactions. Initially
driven by the hydrophobic effect [30], the backbone
hydrogen bonds are formed to satisfy the electrostatic
interactions of desolvated polar atoms [35]. The forma-
tion of secondary structures in native protein conforma-
tions is the outcome of the hydrophobic effect, through
mutual shielding. The secondary structures are among
the preferred structures, although they still constitute a
meta-stable state [36].
A sequence may encode a fold on the ‘local’ and on the
‘global’ levels. Short, contiguous secondary structure ele-
ments may interact, resulting in mutual stabilization. As a
result of the entropy consideration, the sidechains of cova-
lently linked neighbors are more likely to interact than
those of distant ones. The local, transient building blocks
may rearrange, however, forming more favorable interac-
tions with alternative secondary structure elements [36], or
the secondary structures may change [37]. In general, the
higher the consistency between the local and the global
sequence-specified interactions and the folding design, the
faster the rate of protein folding is likely to be. In analogy
to the funnel landscape theory, this may correspond to a
less rugged potential surface [33,38,39]. The marriage of
such a transient building blocks approach with a recent
constraint-based exhaustive search method proposed by
Yue and Dill [40] may be a practical approach towards a
solution to the protein folding problem.
The analogy between protein–protein association and
protein folding
In protein–protein associations, we can consider two
extreme cases. First, we observe rigid-body binding, in
which each of the monomers folds into a stable configura-
tion with subsequent binding of the two (or more) mono-
mers (Figure 2b; [41]). Most protein oligomers fall into this
category [31]. At the other extreme, however, we find the
co-folding chains ([32]; Figure 2a). In this case, if we sepa-
rate the two chains, the monomers denature. The coopera-
tive folding of two chains corresponds to the two-state
model [42,43]. Second, the relatively rigid binding of the
two stable, prefolded monomers, corresponds to the three-
state model. The two-state and the three-state model com-
plexes resemble the two-state and three-state transitions of
the single chains ([41]; Figure 2). The only difference
between the analogous two-state model complexes and
two-state transitions in monomers and, similarly, between
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Figure 1
The hierarchical processes in the evolution of protein architecture.
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Figure 2
A schematic illustration of the definition of
two-state and three-state transition processes
in protein folding and binding. The unfolded
state was modeled as an open line and the
stable unit as a closed block. If the linkage
represented by the dashed line exists, it
stands for a protein folding process. If there is
no actual chain linkage, the dashed line
represents a co-folding or binding process
involving two chains. (a) The two-state case,
in which the transition is exclusively described
by two states: the denatured monomers and
the folded native state. There is no stable
intermediate in between. (b) The three-state
case, in which the transition is described by
three distinctive observable states: the
denatured monomer state, the stable domain
or monomer state, and the native state.Folding & Design
(a)
(b)
three-state model complexes in binding and three-state
transitions in folding, is the presence or absence of one
connecting backbone. Inspection of monomers and of
protein–protein complexes shows that this analogy holds
quite well [28,44]. Monomers, if large enough, are formed
from separate folding entities, whether they are domains,
subdomains or hydrophobic folding units. There is ample
evidence that stable structural entities form independent-
ly, with subsequent association [14,16,17,27,31], although
some meta-stable structural rearrangements may always
take place [45]. Hence, it would appear that rigid body
binding, as in the association of the stable monomers, may
also be observed inside the larger monomers in which
independent folding units (or domains) associate. These
binding and folding cases manifest a ‘three-state’ behavior,
but the cooperative folding of two chains may resemble the
folding of an independent stable entity in a single-chain
monomer. These manifest a ‘two-state’ behavior [32].
The difference between two-state and three-state folding
Two-state and three-state folding processes differ from each
other. In two-state folding, almost all degrees of freedom
are available to the chain(s) to attain the optimal configura-
tions; this is not the case for rigid binding, in which the
protein molecules (or their independently folded units) are
already folded and only six translational and rotational
degrees of freedom are available to the chain(s) to achieve
the most favorable bound configurations. At the three-state
transitions, most of the conformational variability would be
manifested by sidechain movements, to optimize favorable
interactions. This implies that the extent of hydrophobicity
attained during two-state transitions is expected to be
larger. Thus, two-state model complexes, involving cooper-
ative folding of the two chains, would achieve a larger
buried non-polar surface area than the three-state model
complexes [46]. Packing in the two-state model complexes
may be expected to be tighter, or at least as tight as in three-
state model complexes [47]. The polar residues and atoms,
however, are expected to be more prevalent at the interface
of three-state chains or of units/domains before binding
than in the interior of the cores of the hydrophobic folding
units [46]. The presence of the polar atoms on the surfaces
prior to subunit/folding-unit association, renders the sub-
units more stable in the polar solvents. As we show below,
analysis of protein monomers on the one hand, and protein–
protein complexes on the other, shows this to be the case.
Hence, protein folding and protein–protein binding are
similar processes that can be described by the same princi-
ples and are consistent with the ligation/cleavage of the
protein chains. In other words, subunits joined by a linker
obtain similar conformations [7] and, conversely, when the
chain has been cleaved the conformation is still preserved.
Misfolding and aggregation
The fact that folding and binding are intimately inter-
related and cannot be cleanly distinguished from each
other is illustrated strikingly in misfolding and aggregation
[48–53]. One generally refers to misfolding when dis-
cussing single-molecule folding. If the concentration is
high enough, however, aggregation inevitably ensues. Mis-
folding generally occurs between meta-stable states. A par-
ticularly inspiring case is that of domain swapping, in
which domains swap to pair with their sister domains from
another monomer rather than pairing with other domains
intramolecularly [54]. Domain-swapping can be a general
event, however, taking place with pieces of the chains
(such as secondary structure elements, loops, ‘building
blocks’, or hydrophobic folding units; [53]) flipping bet-
ween subunits in folding and binding, or between hydro-
phobic folding units in folding [28,55]. Because in such
cases the transition state barrier is unlikely to be high, and
the energies of the states may not vary substantially, muta-
tions, whether naturally occurring or engineered, may drive
the folding toward misfolding, and vice versa.
Differences between binding and folding
Despite the similarity between these processes, there are
differences resulting from the presence or absence of the
chain contiguity. First, building block formation is an ini-
tial folding, not binding, event. Hence, the local sequence
encoding relates strictly to folding. Second, there is the
entropy loss consideration upon protein–protein association.
We shall come back to these points below.
Outline of the approach
Thus, it appears that by studying protein folding and
protein–protein associations, and comparing these pro-
cesses, we shall gain an insight into both. We compare their
architectures, the types and extent of the different contri-
butions of the various interactions, the compactness, and
the packing. We compare the recurring motifs, paying par-
ticular attention to the chain contiguity (segmentation)
within the motifs, and the implications of the chain contigu-
ity. The significance of such an investigation bears not only
on further understanding of both processes, but it also has
implications for molecular design, misfolding, and hence
aggregation, which are critical for, for example, cystic fibro-
sis, α1-antitrypsin deficiency, hereditary cystatin amyloid
angiopathy and some neurodegeneracy diseases [48–53].
Methodology
To be able to approach protein folding and protein bind-
ing in this way we need a technique that is able to view
protein structures and protein–protein associations in a
similar way. Such a technique would be able to create not
only a non-redundant dataset of protein monomers, but
also a dataset of structurally non-redundant protein–pro-
tein interfaces and a dataset of hydrophobic folding units.
Furthermore, the technique would enable structural com-
parisons to be performed between the monomers and the
interfaces and between hydrophobic folding units com-
posed of one chain, in the interior of the monomer, and
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those composed of two, at the interface of cooperatively
folding chains. Because protein interfaces are composed of
at least two chains, and possibly only discontiguous pieces
of each, any structural comparison method that is depen-
dent on the order of the residues in the chain would be
inadequate. We use a method that considers protein struc-
tures in a manner that is divorced from their polypeptide
chain connectivity. This structural comparison algorithm
views protein structures as collections of points (atoms) in
three-dimensional space, disregarding the order of the
residues in the chains. In addition, because the algorithm
needs to handle a large amount of data and carry out
extensive comparisons of structures, it needs to be highly
efficient and produce a relatively small number of (biolog-
ically meaningful) solutions. Our computer-vision-based
algorithm, is well suited to this purpose [9–12]. It has been
optimized further to carry out such tasks with computer-
graphics tools built into it to display the features of interest
(see the World Wide Web URL: http://protein3d.ncifcrf.
gov/tsai). Using such a method enables us to see the
involvement of connectivity in determining protein folds.
The datasets used
Datasets of structurally non-redundant protein–protein
interfaces [12] and symmetry-related dimers have been
used in the analysis. In addition, a dataset of structurally
non-redundant monomers has been employed for a com-
parison [12]. The datasets have been derived from the
PDB [56]. The definition of what constitutes an interface
has been described in Tsai et al. [12,57]. Briefly, interfac-
ing residues are those that have atoms within a distance
equal to or lower than the sum of their van der Waals radii
plus 0.5 Å from atoms of a residue belonging to the second
monomer. An interface is defined by the interacting resi-
dues and those residues whose Cα atoms are within 5.0 Å
of a Cα atom of an interacting residue. All derived inter-
faces have been compared using the sequence-order-inde-
pendent comparison technique to remove similar entries.
The comparisons have been executed iteratively, gradu-
ally decreasing the threshold similarity criteria. Families of
related structures are created in each cycle, and represen-
tatives of every family are picked. Because this set does
not include symmetry-related oligomeric interfaces, these
have been generated using either a crystal symmetry oper-
ation or the transformation matrix specified in the PDB.
The symmetry-related interfaces were subsequently
compared and clustered as described above. The final
data sets include 362 protein–protein interfaces, 57 sym-
metry-related oligomers and 361 monomers. Further
details on the derivation of the datasets are given in Tsai
and coworkers [12,28].
Architectures
Detailed structural analysis of the monomers has shown
the existence of recurring structural motifs [22,58–66].
The secondary structure elements tend to be arranged in
preferred configurations, forming a limited set of favorable
folds [67–69]. Thus, what is the reason for the existence of
such a relatively limited set? Are the specific arrange-
ments in these motifs simply the outcome of the chain
connectivity, a reflection of a folding pathway or a general
physical preference [67]? A comparison of the motifs in
the monomers with those at protein–protein interfaces can
provide an answer to such a question [1–5,28]. The first
interesting fact is that the folding patterns observed in
monomers are systematically observed in the interfaces as
well, showing that they are not an outcome of a preferred
backbone configuration. Furthermore, the same rationale
also suggests that the recurring motifs are not a footprint
of a preferred folding pathway. Interestingly, such a com-
parison also illustrates that the interfaces do not display a
uniform behavior [28]. Instead, there is wide variability in
the extent of the similarity, as measured by the quality of
the superpositioning between the interfaces and the
monomers. Although some protein–protein interfaces
manifest an almost exact superpositioning, with a very low
rmsd, others display only a general, overall similarity in
their architectures, with a poor fit, resulting in signifi-
cantly larger rmsds. A more detailed examination of the
two types of cases shows that the quality of the fit is
related to the type of the two-chain complex from which
the interface has been derived. Interfaces derived from
two-state complexes resemble the motifs displayed by the
monomers very closely. On the other hand, interfaces
derived from three-state model complexes, resemble the
monomer folding patterns only in general architectural
outline [28]. Figure 3 illustrates an example of both types.
This different behavior of the two types of cases is
entirely logical. In the two-state, two-chain cooperative
folding, the chains are able to maximize their interactions.
The backbone possesses all degrees of freedom, similar to
the situation observed in the folding of the protein core.
In the three-state, rigid-body binding model case, however,
it is mostly the sidechains that maximize their interac-
tions; there is relatively little change in the conformation
of the backbone. An extensive, detailed analysis of one
particular motif in two environments, the four-helix bundle
compared at the interface between subunits [70] and in
the monomers [71], has shown that although a general
similarity unquestionably exists, there are also significant
differences [70].
Interestingly, a common biological function may also
impose structural similarity. Two such cases have been
found; in both cases the motif shows structural similarity
when at an interface between subunits and when at an
interface between domains within a monomer [72]. The
first case involves nitrite reductase (PDB code 2afn), a
functional dimer whose interface superimposes well on
ascorbate oxidase (PDB code 1aoz). Ascorbate oxidase is a
functional monomer containing three domains. In both
nitrite reductase and ascorbate oxidase, the active sites
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contain two copper sites. This type of match, between an
interface between chains in the nitrite reductase and an
interface between domains in the ascorbate oxidase, indi-
cates that the mechanism of electron transfer requires a
unique spatial orientation between the copper-binding
sites. One site is the electron acceptor and the other site,
at the reaction center, is the reducing agent. In the second
case, the HIV-1 protease (a functional dimer; PDB code
1hvi) superimposes well on the pepsin (a two-domain
monomer; PDB code 1mpp). This similarity is the out-
come of a requirement for a unique spatial arrangement of
the catalytic triad and the associated enzymatic environ-
ment within the aspartic protease family. These two cases
of inter-subunit versus inter-domain similarities illustrate
the hierarchical characteristics of the protein world: from a
protein fold to a quaternary structure. In particular, they
further demonstrate that chain linkage does not pose any
significant constraint on protein association.
This general similarity in the favorable arrangements of
secondary structure elements in protein–protein associa-
tions compared with the arrangements in the protein cores,
illustrates that in these motifs the connectivity of the
polypeptide chain is not critical. Consistently, it has been
shown that the chain can be permuted to have a different
order of the secondary structure elements while still
obtaining a similar monomer configuration [73–75]. Hence,
it is likely that the folding patterns observed in nature are
not the outcome of chain connectivity and a specific fold-
ing pathway. The limited set of folding patterns and the
preferred arrangements of the secondary structures within
them are likely to derive from general physical principles
(i.e. maximization of the packing and of the stabilization
contributed by the hydrophobic effect [67]). Within these
folding patterns, however, local changes in the backbone
conformation and sidechain rotations are likely to occur to
maximize further the stabilizing interactions.
The hydrophobic effect
Inspection of the composition of the amino acids in the
interior of the monomers, on their surfaces, and in their
interfaces indicates that although the hydrophilic residues
in the interfaces are more frequent than in the protein
cores, they are not as frequent as on the surfaces of
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Figure 3
Stereo views of the superpositions of (a) the
interface of defensin (PDB code 1dfnAB), a
two-state complex, with the trypsin monomer
(PDB code 2tbs); and (b) the interface of
cytochrome c (PDB code 1bbhAB), a
three-state complex, with the apolipophorin III
monomer (PDB code 1aep). In both (a) and
(b), the two chains of the interface are shown
in red and green, respectively. The darker
colors highlight the interface region. The
monomer chain is colored blue.
monomers [44]. This implies that the hydrophilic interac-
tions contribute more to the stabilization of the complexes
than to the protein interior. Consistently, the hydrophobic
effect observed at the interfaces is shifted by 10–15%
higher than expected, based on the residual and area pop-
ulations [44] on the surfaces of the monomers. The distri-
bution is broader, however, illustrating a wide variability
between the individual complexes. Some interfaces are
largely hydrophobic, whereas others show a substantial
extent of hydrophilic interactions.
The accepted notion holds that the hydrophobic interac-
tions are critically important both in binding and in folding
[30,76–78]. Nevertheless, although, as expected, the hydro-
phobic effect is critical in protein–protein associations [44],
it is not as dominant as that observed in protein folding
[30]. Two possible reasons can account for this difference.
First, as noted above, rigid-body binding is not like protein
folding, in which the chain is free to explore all possible
conformations to optimize its configuration. In the case of
rigid-body binding, the stable monomers exist a priori and
there is little freedom for the backbone to alter its configu-
ration to obtain a larger extent of hydrophobic interactions.
Second, large patches of hydrophobic atoms exposed on
the surface of monomers would render the monomer unsta-
ble in aqueous solution. On the other hand, comparisons of
the prevalence of non-polar atoms at the protein–protein
interfaces with that on protein surfaces reveals that the
extent of hydrophobic surface patches is larger at the
protein–protein interfaces than on protein surfaces. The
fact that the extent of the hydrophobic effect at the inter-
face is not as strong as in the interior of the monomers, but
the frequency of the hydrophobic sidechains is larger than
on the exposed surfaces, can be viewed as a compromise. A
stronger hydrophobicity results in a higher stability for the
interface. At the same time, however, it should not be too
high to ensure that the stability of the pre-associated
monomers in solution is maintained. Hydrophobic surface
patches contribute considerable stability to the binding
[30,76–78]. Moreover, coupling of hydrophobic residues at
the interfaces is subject to fewer constraints than coupling
of hydrophilic residues. Mutagenesis studies have clearly
shown the critical involvement of the hydrophobic effect in
increasing interface stability [79].
The cases in which the hydrophobic effect observed at the
interface is as strong as that shown by the protein mono-
mers are likely to fall into the two-state complex category.
It is unlikely that extensive exposed non-polar surface areas
can be tolerated. It is far more likely that such chains fold
cooperatively, existing either as an ensemble of unfolded
conformations or as in the folded native complex [72].
Compact hydrophobic folding units
Many algorithms have been developed and implemented
to cut a protein into units. The domains or sub-domains
that have been obtained depend on the properties consid-
ered most critical in the target function, whether they are
arrangements of structural elements, overall inter-residue
contacts, compactness, etc. Among these properties, the
following constitute a representative listing [13–28]. The
concept of hydrophobic clustering combined with a visual
definition of a domain (i.e. compactness and isolation) has
been used to design an automated algorithm for parsing a
monomer into independently folding hydrophobic units
[28]. The algorithm follows a multiple cutting point proce-
dure [22]. Its successful performance is based on the inclu-
sion of a suitable measurement for evaluating the quality
of a trial folding unit. A folding unit may constitute a
structural motif or have a particular associated function.
An example of the cutting (which can be accessed from
the World Wide Web URL: http://protein3d.ncifcrf.gov/
tsai/hfu.html) is given in Figure 4. Hydrophobic folding
units can be classified into three structural classes, all α,
all β, and α–β (which can be divided into α + β and α/β).
In parallel to the application of this algorithm to the dataset
of monomers, it has been applied to the dataset of protein–
protein complexes [72]. As expected, the results illustrate a
clear distinction between two-state and three-state com-
plexes. Most two-chain complexes, are parsed cleanly at
their protein–protein interface, dividing the complex into
its respective component chains. The two-state complexes,
which fold cooperatively and manifest strong compact
hydrophobic cores, constitute exceptions, however. At least
one hydrophobic folding unit derived from parsing such a
complex contains two chains. These parsing results illus-
trate that hydrophobicity and compactness are critical for
protein–protein associations as in protein folding [72].
Hydrophilic bridges
Studies of the electrostatic interactions at rigid-body,
three-state protein–protein interfaces have indicated that
their involvement in binding is more critical than in
folding [41]. Although unfavorable in folding [80], they
may contribute favorably to the free energy of binding
[41,81]. First, the number of hydrophilic bridges across the
binding interface manifests a strong positive correlation
with the free energy. Second, carrying out a continuum
electrostatic calculation, the electrostatic contribution of
salt bridges has been assessed, showing that unlike the sit-
uation in folding, in some complexes the salt bridges can
significantly stabilize the binding. The different contribu-
tions of the hydrophilic bridges to folding and to binding
stem from their different environments before and after
the bridge formation. These hydrophilic groups are more
solvated in the unfolded protein than on the surface of the
already folded monomer prior to binding. After binding,
they are buried in a more hydrophilic environment than
their environment after folding. Hence, the desolvation
cost of the hydrophilic pair in binding is lower than in
folding. Furthermore, its interactions with the hydrophilic
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environment are stronger in binding than in folding. In
the two-chain two-state co-folding complex, however, the
situation resembles that observed for single-chain folding.
Consistently, a comprehensive study of the pattern of
hydrogen bonds and salt bridges across 319 interfaces and
comparisons with intra-chain hydrogen bonds and salt
bridges has also shown that the geometry of the hydrogen
bonds across the interfaces is in general less optimal and
has a wider distribution in rigid-body binding than that
observed in monomers [82].
Chain connectivity
The single difference between binding and folding is chain
connectivity, which is absent in binding. Hence, either
covalently ligating the two chains or cutting the single chain
results in conformations similar to those possessed by the
original molecules. Liang et al. [7] have covalently linked
the two subunits of the gene V protein of bacteriophage f1
using a short five or six residue linker. The structure of the
resulting protein resembles that of the wild type. It was
substantially more stable and demonstrated a higher rate of
folding, however. This enhanced rate is not surprising
because in the linked chain the effective concentration of
the subunits increases. Connecting two subunits reduces
the conformational translational and rotational entropy of
the two chains with respect to each other. Such cases are
observed in wild-type proteins and may be the outcome of
gene duplication, providing the rationale for such an evolu-
tionary event. Hence, two-chain folding frequently recurs
where the chains are identical, transcribed and translated
using the same gene.
Implications of the similarity: the energetics
We have detailed the rationale and the data inter-relating
the binding and the folding. This analogy has direct
implications, both for our comprehension of these two
types of events with respect to each other and with res-
pect to their practical applications, addressing folding and
predictions of protein–protein associations (i.e. docking).
The folding of a native globular protein is driven domi-
nantly by the hydrophobic effect [30,83] and further stabi-
lized by the obligatory electrostatic interactions (the main
contributors of which are hydrogen bonds) and van der
Waals interactions in the tightly packed core. Most of the
buried residues are hydrophobic, whereas the exposed ones
are largely hydrophilic. Yet, although the hydrogen bonding
and the van der Waals interactions are believed to be
important, it is surprising that the experimental free energy
of folding can be reproduced quite well by using only the
solvent-accessible polar and nonpolar buried surface areas
[84–86]. The scheme developed by Freire and coworkers
[84–86] has provided a very successful model for using
structural information to estimate the free energy of folding.
A recent comparison [87] confirmed that Freire and cowork-
ers’ energetic scheme is comparable to an effective free
energy function composed of a molecular mechanics energy
term and empirical solvation and entropic terms. Freire and
coworkers [85,88] have further developed a similar scheme
to calculate the free energy of binding for the already folded
protein monomers by adding the estimated entropy lost for
the two subunits as a result of their association. This
approach assumes that the free energy of folding is the dif-
ference between the fully extended state and the native
protein. As the reference state is an extended chain, how-
ever, the free energy of folding encounters difficulties in
correctly estimating the relative free energy of any partially
folded conformation. Similarly, this approach is successful
for the binding of a three-state rigid-body association, but it
is likely to encounter difficulties in flexible-chain binding.
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Figure 4
A stereo view of dihydrofolate reductase
(PDB code 7dfr) cut into two folding units.
The protein is shown in a ribbon
representation with the first and second cut
units colored red and green, respectively.
Even though the unit in red has a β sheet
continuation with the other unit (green), the
red unit corresponds to an adenine binding
domain, found in many other NADH-
dependent or NADPH-dependent enzymes.
One of the significant implications emerging from the
study of the similarities and differences between protein
folding and protein–protein association, may be a clearer
vision of how to devise a general energetic scheme
capable of calculating both the free energy of folding and
the free energy of binding. Such a self-consistent folding/
binding free energy calculation scheme may be viewed as
follows. Given a native protein of known structure and its
experimentally determined free energy of folding, cut it
artificially into two segments at some point along the
sequence. If we refer to these two newly cut chains as a
rigid body protein–protein association at the folding orien-
tation, the free energy of folding for the intact chain is
equal to the sum of the free energy of binding between
the two artificial chains plus the free energies of folding
for the two individual artificial chains. In this scheme, we
calculate the free energies of folding for the two artificial
chains and a free energy of binding between them in a
way that reproduces the experimental free energy of fold-
ing. Thus, such a scheme is a self-consistent folding/
binding free energy calculation. To explain the general
idea, a schematic diagram is drawn in Figure 5, accounting
separately for both the two-state and the three-state cases.
The free energy of folding is a state function. If we set
aside the solvation configuration, the free energy of folding
stands for the relative free energy difference of a native
protein represented by only one conformation against an
unfolded state composed of many conformations, other
than the native one. On the contrary, the free energy of
binding in this scheme is referred to as an association of
exactly two rigid conformations (if the flexibility of the
sidechain is neglected). This suggests that the fundamen-
tal difference between the free energies of folding and
binding originates only in the backbone entropy. The lost
configurational entropy of a protein from an unfolded state
to a folded state for the 20 amino acids has been studied
and estimated in many different approaches [89,90]. In
general, the scales of the different approaches agree quite
well with each other. This implies that it is possible to esti-
mate empirically the configurational entropy with a reason-
able accuracy. Any empirical free energy function that can
separate the backbone and the sidechain entropy contribu-
tions from the overall free energy calculation is therefore a
potentially good function towards an empirical self-consis-
tent folding/binding free energy function. The energetic
scheme proposed by Freire and coworkers [84–86] is a very
good starting point.
In developing an empirical folding/binding free energy
function, some of the following observations may be help-
ful. For a single-domain protein whose folding behavior is
described well by a two-state or an all-or-none transition
any fragment of the protein is expected to be unstable
with respect to its unfolded state. Consequently, we may
expect that the calculated free energy of binding for two
segments artificially cut at the midpoint of the sequence
will be larger than the experimental free energy of folding
for the entire chain. In the real case of a two-state co-
folding dimer, the individual chain when isolated in its
native conformation is unstable, by definition, compared
with its unfolded state. Based on the above energetic
scheme, the calculated free energy of binding for a co-
folding dimer is expected to be higher than the free
energy of folding for a co-folding dimer or a ‘single-chain’
dimer, in which the two domains are physically linked
together via protein engineering. On the other hand, if a
particular dimer or a protein–protein complex exhibits a
particularly favorable free energy of binding, it is very
likely that the monomer when separated will not be a
stable one. If such a folding/binding free energy function
were to exist, it would be tremendously rewarding; for
example, it could be used to distinguish between a real
protein–protein interface and a crystal packing interface,
to evaluate the relative stability of any fragment in of the
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Figure 5
A schematic diagram, depicting a scheme of a general
self-consistency model for a folding/binding free energy function.
(a) The case of a two-state cutting and (b) the three-state case.
Native
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Ua+b
Ua + b
Na+b
Na+b
Ia, Ib
Na, Nb
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Ua Ub
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∆GNa+b
Ua+b
∆GNa+b
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(a)
(b)
Folding & DesignNative
Unfolded
protein, and to predict the free energy of binding for a
protein–protein complex.
Conclusions
Here, we have presented a general scheme for protein
folding and binding, depicted in Figure 1. This scheme
has evolved from a series of systematic investigations
encompassing protein architecture, the hydrophobic
effect, hydrophilic bridges, compact hydrophobic folding
units, and domain (segment) swapping. The investiga-
tions further encompass computational results, as well as
consistent experimental evidence. The clear and uniform
conclusion is that the sole difference between folding and
binding is the presence or absence of chain connectivity.
Hence, by recognizing the similarities and the differences
between these two processes, one process can be used
towards understanding, and hence towards predicting, the
other. Folding and binding fall under the same general
scheme, thereby enabling one process to be looked at
using the other.
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